Using scanning tunneling microscopy, we observed the formation process of ruthenium silicide on a monolayer Ru-deposited Si(001) surfaces at high temperature. Ruthenium silicide islands of nanometer scale are formed after heating to 1400 K. They tend to be aligned in the [110] and ½1 10 directions. Locally observed spectroscopic results were compared with other spectral data. Large islands showed compositional inhomogeneity, with a widened band gap near the interface with the Si substrate, suggesting that growth of the islands occurs due to incorporation of Si atoms from the edges of nearby steps.
Introduction
There has been increasing interest in transition metal silicides in the last decade because of their compatibility with silicon technology. Ruthenium and its silicide are candidates for application in the next generation of electronic/magnetic devices 13) and as diffusion barriers at silicon surfaces. 4) Three epitaxial phases, Ru 2 Si 3 , RuSi and Ru 2 Si, were identified by means of cross-sectional transmission electron microscopy (TEM) analysis. 5) Among them, Ru 2 Si 3 is considered promising for optoelectronic and thermoelectric devices. It forms orthorhombic structure below 1273 K and tetragonal structure above 1273 K. 6, 7) Experimental studies have shown it to be a direct-gap semiconductor with the energy gap of 0.70.9 eV. 810) Theoretical calculations estimated the band gap of 0.45 eV, although it has been suggested that this value is underestimated by a factor of 2.
11)
The valence band maximum at the ¥ point is predominantly of Si p character and the conduction band minimum is predominantly of Ru d character, allowing pd transitions. It is expected that performance of light-emitting diodes (LEDs) based on this material may be improved compared with the use of a dd gap semiconductor, namely, ¢-FeSi 2 .
Although there are several reports on films of ruthenium silicides over 100 nm thick, 5, 8) it was recently shown that at the nanometer scale the electronic and optical properties of ruthenium silicide change depending on the morphology. 12) Thus studies on the nanoscale structure and electronic properties of ruthenium silicide on a silicon surface are important. Moreover, most previous studies have focused on the stable Ru 2 Si 3 phase. Here we report on nanoscale structure formation of ruthenium silicide on a Si(001) surface for the first time. Our results suggest that islands with inhomogeneous stoichiometry are formed. We discuss the formation mechanism of the ruthenium silicide islands and their electronic states.
Experimental
We used a commercial p-type (B-doped) Si(001) wafer (4 inch) with a resistivity of 10 ³ cm. First, native SiO 2 on the surface was removed with hydrofluoric acid. Ruthenium was sputtered onto the surface with a Kr ion beam (850 eV, 100 nA/s). The Ru film thickness was approximately 1 monolayer (ML). The ruthenium-deposited sample was cut into strips of 1 © 7 © 0.6 mm 3 in air. A sample strip was introduced into an ultrahigh vacuum (UHV) chamber with a base pressure under 1.0 © 10 ¹8 Pa. Scanning tunneling microscopy (STM) and scanning tunneling spectroscopy (STS) were performed with a commercial STM apparatus (JEOL, JSTM-4610) in the UHV chamber. An STM tip was made by electrochemical polishing using tungsten wire (99.95%). The sample was degassed for 1012 h at 873 K and exposed to several cycles of heating at about 1400 K for 30 s and cooling at a rate of ¹1 K/s down to approximately 823 K. Throughout the deposition, observation, and measurement of the surface, the specimen was kept at room temperature. Observation with a scanning electron microscope (SEM) and chemical analysis by means of micro Auger electron spectroscopy (µAES) were performed for the as-deposited surface and annealed surface.
Results and Discussion
We observed the oxide-removed and Ru-deposited surfaces with SEM and AES. In ex situ AES, small signals of carbon and oxygen were also detected, although similar signals were detected on an atomically clean Si(001)-2 © 1 surface after exposure to air. The surface was flat, with undetectable roughness and inhomogeneity in SEM images of the oxide-removed surface before/after heating cycles and of the Ru-deposited surface before heating cycles. In contrast, island structures were distributed uniformly on a very flat terrace of Ru-deposited surface after the heating cycles. This indicates that slight contamination from air does not affect island formation, and that the islands are induced by ruthenium silicide formation on the surface at high +1 temperature. Composition analysis of the as-deposited surface by µAES before heating treatment revealed that the ruthenium atoms were distributed uniformly on the surface at the resolution of a few nm. After heating, ruthenium was observed only in the island regions and it was not detected on the flat terrace. Figure 1 shows an STM image of ruthenium-deposited Si(001) after four heating cycles to 1400 K. Islands (³10 20 nm in diameter) were observed as bright protrusions on this surface. The average height of the 1020 nm islands was 2.53.0 nm. The protrusions mostly appeared to have a dome-like amorphous structure, but the base of the large islands was close to rectangular. We note that further repetition of heating cycles caused the number of large islands to increase and that of small islands to decrease. The rectangular islands grow along the [110] and ½1 10 directions, which are parallel/perpendicular to the dimer row. This indicates that the island shape is greatly affected by the substrate anisotropy.
A magnified image of a ruthenium silicide island is shown in Fig. 2(a) and the cross section along line AB is shown in Fig. 2(b) . Nearby, there are many steps oriented to the [110] and ½1 10 directions. The height of steps in the vicinity of the island was double atomic height 2a, while the height of steps distant from the island was single atomic height a. Our study of titanium silicide formation on the same surface also showed formation of rectangular islands along the [110] and ½1 10 directions and formation of many steps near the islands. 13) There is another similarity of the terrace morphology to the case of Ti-deposited surface (data not shown). That is, during heating cycles, the growth proceeds via incorporation of Si removed from the terrace into the islands. 14) This is a common mechanism in the formation of silicides from some transition metals on a Si(001) surface.
In Fig. 3 , we present a three-dimensional topography of the ruthenium silicide islands. The large island has a height of 7 nm and the small islands have a height of ³2 nm. STS of larger islands (>20 nm in diameter) showed that the top and the tail had different features. Typical STS spectra at three different positions, indicated by the arrows in Fig. 3 , are plotted in Fig. 4 . They show a peak at approximately ¹0.5 eV at the higher region, while the peak is lowered at the tail of the island. This tendency is not dependent on the island size, so that this difference cannot be ascribed to nanoscale confinement. Comparison of the observed STS spectra at the center (a) and the tail (c) of the large island suggests that there is difference of crystalline structure or composition. However, the STS spectrum at the tail (c) of the large island looks similar to that of a typical small island (b), in that there is a peak at approximately ¹1 eV from the Fermi level (E F ). This indicates that the electronic state near the interface between the silicide grain and silicon substrate is different from that at the top of the grain. Theoretical calculations of Ru 2 Si 3 indicates that a peak arises from a large density of states at ¹1.0 eV below E F , 11, 15) and we assign the peak in Figs. 3(b) and 3(c) to originate from a composition very close to Ru 2 Si 3 . Thus, the bottom of the large island and the whole small island are composed of stable Ru 2 Si 3 structure. When Ru is deposited on a Si(001) surface, the band gap narrows and a metallic valence edge at the Fermi level appears at a thickness of more than a few ML. 16) In turn, under the influence of Si during silicidation, the band gap is widened due to silicide formation. 11) Before stoichiometric Ru 2 Si 3 is formed, the peak at ¹0.5 eV in Fig. 3(a) reflects the electronic structure of Ru-rich silicide. As the annealing process changes the composition from the Ru-rich phase (Ru 2 Si, RuSi) to the stoichiometric Si-rich (Ru 2 Si 3 ) phase, 5, 17) the composition of Si rapidly increases in the interface region due to Si incorporation. The top of the large island should be composed of the Ru-rich phase, Ru 2 Si, RuSi or their mixture.
The states between +0.2 and +0. 18) possibly corresponding to a transition between the peak at ¹1.0 eV and shoulder at 0.20.4 eV. It should be noted that no state above E F in Fig. 3 can be ascribed to metallic Ru (found above +1.5 eV 19) ). We should also note that we could not analyse the surface structure after heating at lower temperatures, because stoichiometric silicidation of Ru occurs only at relatively high temperature. 11, 16) In addition, oxygen remaining on the surface may disturb silicidation. 18) Since no agglomeration is found on a surface without deposition, Ru appears to segregate in highly Ru-rich silicide (or silicates, RuSi x O y or SiO x -covered Ru) from low temperatures. 20) The complexity of the observed surface at lower temperatures suggests that Si would diffuse easily on the surface, promoted by deformation of surface structure near Ru, but that silicidation would require very prolonged heating at lower temperature (at least until the oxygen is lost). A fixed silicide island starts to approach the stoichiometric composition by absorption of Si at the base, either through the edge of the island or at the interface with the substrate.
Conclusions
We report the first observation of formation of nanoscale ruthenium silicide islands on a Si(001) surface by means of STM. The shape of the larger islands tends to be rectangular along the [110] and ½1 10 directions. The islands are surrounded by many steps along the same directions. Agglomeration led to the formation of larger islands during annealing. STS results indicate that the composition of the large islands is not homogeneous between the top and the base. The top of the island may be composed of Ru-rich phase, while the base is presumably composed of a Si-rich phase (close to stable Ru 2 Si 3 ). The inhomogeneity of the composition supports the idea that Si incorporation from the terrace occurs at step edges during the annealing-induced growth of islands, and this process should be related to the change of step morphology near the islands. 
